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The formation of nano sized Si structures during the annealing of silicon rich oxide (SRO) films was 

investigated. These films were synthesized by low pressure chemical vapor deposition (LPCVD) and 

used as precursors, a post-deposition thermal annealing leads to the formation of Si nano crystals in 

the SiO2 matrix and Si nano islands (Si nI) at c-Si/SRO interface. The influences of the excess Si 

concentration, the incorporation of N in the SRO precursors, and the presence of a Si concentration 

gradient on the Si nI formation were studied. Additionally the influence of pre-deposition substrate 

surface treatments on the island formation was investigated. Therefore, the substrate surface was 

mechanical scratched, producing high density of net-like scratches on the surface. Scanning electron 

microscopy (SEM) and high resolution transmission electron microscopy (HRTEM) were used to 

characterize the synthesized nano islands. Results show that above mentioned parameters have 

significant influences on the Si nIs. High density nanosized Si islands can epitaxially grow from the 

c-Si substrate. The reported method is very simple and completely compatible with Si integrated 

circuit technology. 
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1.   Introduction 

Formation of a regular array of semiconductor nano structures on crystalline Si 

substrates, especially the formation of silicon islands or dots, is crucial for future 

applications like single electron devices [1,2], photonic-crystal-based devises [3], single 

electron memories [4] or quantum dot transistors [5].  Without a doubt, Si nano islands 

have several advantages over other kinds of nano structured semiconductors. Silicon is 

the most important electronic material for the ICs industry. Si nano islands grown on c-Si 

substrates do not have lattice mismatch as in the case of Ge nano islands on Si substrates 

[6-10], so integration in IC’s is significant easier. To observe quantum size effects in Si at 

room temperature, structures have to be nano sized. Obtaining particles of size of less 

than 10 nm are a challenge. Even for new approaches like scanning probe microscopy 

[11,12] or high resolution lithography, which are both complex and time consuming 

methods and not appropriate for high-throughput methods used in the IC industry. An 

attractive alternative method is the self-organized formation of Si nIs. To obtain Si nano 

structures between 1-5 nm range a large variety of techniques has been proposed: ion 

implantation of Si into SiO2 [13,14], magnetron sputtering of Si and SiO2 [15,16], laser 

ablation of Si targets [17], thermal evaporation of SiO [18,19], Plasma Enhanced 

Chemical Vapor Deposition (PECVD) and LPCVD. 

Recently, we reported that Si nIs on c-Si can be obtained in a simple way by using 

LPCVD and thermal annealing [20]. Besides that LPCVD is simple and easy for 

processing, this method is also compatible with common silicon technology and has 

many advantages over other fabrication methods [21-24]. For future applications it is 

important to investigate if the formation of Si nIs with this method can be controlled by 

some processing parameters in order to obtain desired nI sizes and densities. In this report 

we investigated the influence of several parameters on the formation of Si nIs. The first 

parameters we studied were the amount of excess silicon and the incorporation of 

nitrogen. Also the influence of concentration gradients, which were obtained by using a 

double-layer structure, within the sample was investigated.  First a thin layer with high 

silicon content was deposited, followed by a thick layer with a low silicon excess. This 

alignment gives the opportunity to investigate the influences of diffusion and oxidation 

processes on the formation of Si nano structures during the deposition and the thermal 

annealing. Besides above mentioned structural features also the photoluminescence (PL) 

of the top layer and the influence of the layer underneath on the PL were examined. Such 

devises with both controllable Si nIs on the substrate surface and high luminescent layer 

on the top are interesting for application. The Si nIs in the bottom can be used to fabricate 

nanoscale electronic devices (such as transistors), while the top layer can be used to 

prepare optical components. Such nanoscale optical-electronic integration can be 

achieved by using the proposed structure that has the capability for single photo detection 

[25]. The last modified synthesis parameter was the substrate surface.  The Roughness of 

the substrate was increased scratching the surface. The formation of Si nIs near the edge 

and inside the scratches was investigated. The knowledge generated in these experiments 

allows to influence and control the formation of Si nIs in a remarkable range.    
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2.   Experimental Section 

The single SRO layers were deposited on c-Si (100) substrates using LPCVD. Silane 

(SiH4) and nitrous oxide (N2O) were used as the reactive gases, and the partial pressures 

ratio (Ro = PN2O/PSiH4) was varied from 10 to 30. SRO doped with nitrogen (represented 

by SRO:N) was prepared by adding 10% of NH3 (PNH3/(PSiH4+PN2O) = 10%) during the 

deposition. The substrate temperature was 700 °C. The deposited SRO layers contain an 

average excess Si concentration of 13% to 4% as Ro increases from 10 to 30 [26]. For 

some samples, the c-Si substrate was scratched before the deposition. The scratches are 

~10 µm width and 60 to 300 µm separated. The thickness (tox) of the single SRO films is 

~580 nm. For the double-layer sample (Ro = 5/20), a thin SRO layer with Ro = 5 was 

first deposited, followed by the deposition of the second SRO layer with Ro = 20.   For 

the Ro =5/20 multi-layer samples the thicknesses of the double layers are 40 and 500 nm, 

respectively. Each deposited sample was divided into two parts and one part was 

thermally annealed in a N2 ambient at 1100 °C for 3 hours. Table 1 lists the studied 

samples and their preparation parameters.  

Table 1: Nomenclature and some characteristics of samples used. 

Sample 
Ro 

(PN2O/PSiH4) 

NH3 

(%) 

Thickness 

(nm) 

Annealing 

(1100oC/3hrs) 

Substrate 

scratched 

SRO10 10 0 580 Yes No 

SRO15 15 0 580 Yes No 

SRO20 20 0 580 Yes No 

SRO30 30 0 580 Yes No 

SRO:N 10 10 580 Yes No 

SRO10SCR 10 0 250 Yes Yes 

SRO5/20 5/20 0 40/500 Yes No 

 

Scanning electron microscopy (SEM, FEI Quanta 200, 25 kV) and high resolution 

transmission electron microscopic (HRTEM, Tencai F30 operated with an acceleration 

voltage of 300 kV, line resolution of 0.2 nm) were used to characterize the structure of 

the samples. 

PL at room temperature was carried out with a Perkin Elmer luminescence spectrometer 

model LS50B, which is controlled by computer. The samples were excited using a 250 

nm (4.96 eV) radiation. PL measurements were scanned between 400 and 900 nm (3.1–

1.37 eV) with a resolution of 2.5 nm. 
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3.   Results and Discussion 

3.1.   Influence of the silicon content 

Planar view TEM measurements were performed in order to study the microstructure of 

the Si nano crystals formed in the SiO2 matrix. Fig. 1 shows the micrographs of the 

annealed SRO films with Ro = 10, 15, 20 and 30, respectively.  

 

 

Fig. 1. Planar view TEM micrographs of annealed SRO films deposited with Ro=10 (A), 15 (B), C (20), and D 

(30), respectively. The scale bars are 5 nm in all the four micrographs. The inset in (A) and (B) shows a single 

Si nanocrystal of (111) orientation, respectively. 

Si nano crystals can be clearly observed in SRO with Ro = 10 and 15 (A and B), which 

show different orientations as indicated in the figure. The insets in Fig. 1(A) and 1(B) 

show Si nano crystals with (111) orientation for clarity. For Ro = 20 some amorphous Si 

nano clusters (black dots in the TEM picture) were found, but these clusters are very 

small (<1 nm) and no crystalline structure was observed. In samples with Ro = 30 the 

amorphous Si clusters cannot be detected at all. This indicates that Si nano crystals 

cannot be formed in SRO with low excess Si concentration (<6%).  

Fig. 2 shows cross-section TEM images of an annealed sample (Ro = 10). From Fig. 2(A) 

of the lower resolution image, one can see that Si nIs are formed at the c-Si/SRO 

interface with a density of ~7×1011 /cm2. The lateral size of the nano islands is 10-20 nm 

and their height is 4-9 nm. The Si nIs can be free of defects as shown in Fig. 2(D), or 

have some defects such as dislocations (Fig. 2(B) and 2(C)). In all cases the Si nIs have a 

crystalline structure. The Si nIs can epitaxially grow from the substrate (Fig.2 (D)). In 

some cases (Figs. 2(B) and 2(C)) a thin amorphous intermediate layer is observed 

between the substrate and the Si nIs. The intermediate layer could be due to be oxygen 

incorporation, and careful substrate cleaning or treatment (e.g. HF etching) before loaded 

into the deposition chamber could prohibit this thin intermediate layer and thus epitaxial 

growth of all the Si nIs is expected to occur. However, even with the intermediate layer, 

the Si nIs have the same crystalline orientation as the c-Si substrate, as shown in Fig. 2(B, 
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and C). The formation of Si nIs on c-Si could be explained by a model of high 

temperature diffusion and solid-phase crystallization of excess Si in the SRO layers [20]. 

The formation of Si nIs is very sensitive to the amount of excess Si in the SRO 

precursors. We investigated the influence of excess Si concentration on the size and 

density of Si nIs. If the excess Si concentration is high (~ 13 % Siex) Si nIs were very 

easily formed on the c-Si substrate. Sometimes, large Si zones can be formed although 

some defects such as dislocation are involved. On the other hand, if the excess Si 

concentration is lower than 8% in SRO films (e.g. SRO with Ro = 20 and 30) no Si nIs 

were formed on the substrate surface. The formation of the Si nIs requires a threshold 

value of the excess Si concentration in SRO films and a value of ~8.7% (corresponding to 

Ro = 15,) is the lowest limit for the nano islands formation. In this case, a lower density 

and smaller sizes of Si nIs were observed compared to the Ro = 10 samples, as shown in 

Fig. 3. From Fig. 3(A and B), the nano islands density of ~3×109 /cm2 and vertical size of 

~5 nm was estimated. Also, there are no defects, such as dislocation, inside a Si nIs, and 

overlapping of adjacent nano islands were not observed. This is in contrast to Ro = 10 

where either overlapping (as shown in Fig. 2(B)) or dislocation (as shown in Fig. 2(C)) 

are observed. This result clearly indicates that excess Si concentration in SRO is a key 

factor for the formation of Si nIs on c-Si substrate, and the ratio Ro is a good process 

parameter for controlling the Si nI formation. 

3.2.   Influence of the Nitrogen Incorporation 

We also observed that the formation of Si nIs depends on the N incorporation into the 

SRO. Adding 10% of NH3 to the reactive gases, the formation of Si nIs was modified.  

Cross-section TEM images of a SRO:N sample prepared using Ro = 10 with 10% of NH3 

addition are shown in Fig.3 (C and D). One can find that the size and density of the Si nIs 

 

Fig. 2.  Cross-section TEM images of SRO films on c-Si after thermal annealing, where (A) was taken with 

lower resolution, while (B), (C) and (D) were with higher resolution. 
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decrease compared to the SRO of same Ro = 10. The estimated density and vertical size 

of the Si nIs in SRO:N are ~1.6×1010 /cm2 and ~3-5 nm, respectively. Thus smaller nano 

islands sizes are obtained. However, if compared with SRO of Ro = 15, this SRO:N 

sample showed higher Si nIs density. Thus, N can reduce the island size while keeping 

relatively higher island density. Two factors are responsible for the change in size and 

density of the nano crystals. On one side, the N atoms and clusters may serve as 

nucleation sites on the starting of the deposition or thermal annealing processes, thus 

increasing the Si nIs density (compared with SRO15). On the other side, N hinder the 

diffusion of Si atoms and prevents the phase separation in the amorphous SRO:N films 

[27]. Thus the mobility of the Si atoms is smaller and the growth of the Si nIs during the 

thermal diffusion process is reduced, producing smaller islands. 

3.3.   Multi-Layer Approach 

In the cross-section TEM images of Ro = 5/20 the two layers are clearly observable (Fig. 

4(A) and 4(B)). In Fig. 4(C) one can see that Si nIs at the c-Si/SRO interface are formed. 

Also, Si nano crystals in the SiO2 matrix in the Ro = 5 layer are observable (Fig. 4(D)). In 

the much thicker Ro = 20 layer no Si nano structures were found (Fig. 4(B) and (C)), 

coincident with results mentioned above. These results show that it is possible to obtain 

Si nIs by using a thin Si rich layer. This layer provides the necessary crystal seeds for the 

first building steps and the necessary amount of excess Si for the further growing of the 

Si nIs. Compared with Ro = 10 the Si nIs in this sample are distributed more irregular 

(Fig. 4(C) and the density is lower. Also, the shape of the islands is less uniform; the 

differences in lateral size and height are significant higher. Defects like dislocation or an 

amorphous intermediate layer as described for Ro = 10 were not found. It is surprising 

that lower nIs density was obtained in the bottom SRO5 layer compared to the SRO10 

single layer. One possible reason is due to the very small thickness of the SRO5 layer. 

 

Fig. 3. Cross-section TEM images of SRO and SRO:N films on c-Si after thermally annealing, where A and B 

are for SRO with Ro=15, C and D are for SRO:N. 
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Fig. 4. Cross-section TEM images of SRO5/20 films on c-Si after thermal annealing, where A and B were taken 

with lower resolution, while C and D were with higher resolution. The dotted lines in A, B and C indicate the 

interfaces between two SRO layers. The solid line in A indicates the c-Si/SRO interface. 

The sharp boundary line between the two different layers indicates that diffusion and 

oxidations processes are almost negligible. It seems to be unlikely that, during the 

deposition of the second layer, significant amounts of the reactant gases diffuse into the 

Ro = 5 layer (a phenomena well known in the oxidation of Si). Also during the annealing 

at 1100 °C, the diffusion of Si from the Si-rich layer to the Si-poor layer plays no role, Si 

nano structures are only found in the Ro = 5 layer.  

While for the formation of Si nIs high amounts of excess Si are necessary (an excess Si 

concentration of ~8.7% is the lowest limit), on the contrary, the photoluminescence of 

SRO requires low silicon excess. In the last years many articles describing the optical 

properties of SRO materials were published [26,28-29]. The highest PL intensities are 

found for samples with a low Si content (Ro = 20 or Ro 30), in which the emission 

centers could be excess Si related defects [26]. The here used multi-layer approach gives  

 

Fig. 5. PL for SRO5/20 double layer in the region from 400 nm to 1000 nm. 
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the opportunity to investigate the influence of adjacent layers with a different amount of 

excess Si. In Fig. 5 the PL of for Ro = 5/20 is shown. A high intensity in the red region  

(~ 720 nm) is observed. This result is comparable with results published for Ro = 20 

single layers, showing that the thin Ro = 5 layer has no negative influence on the 

emissive properties of the top layer, neither the poorer layer influences the characteristic 

of the under layer. On the other hand, the results demonstrate that is possible to combine 

the interesting optical and structural properties of single SRO layers using the multi-layer 

approach, a step towards the integration of optical and electronic data processing circuits 

on the same chip. 

3.4.   Influence of substrate surface roughness 

Fig.6 shows the effect of substrate surface scratching on the formation of Si nIs. Typical 

SEM micrographs of the surface of the SRO layer are shown in Fig. 6(A) and 6(B). The 

growth of the SRO is quite different at the smooth zone and at the scratches region: the 

growing particles are larger at the scratched region than that at the smooth zone. Also, the 

particles are regularly arranged along the scratches, with smaller particles formed for 

shallow scratches (Fig.6B). That indicates that the scratches modify the growth of the 

SRO layer, and the relatively larger particles with uniform sizes preferably grow at the 

edges of the scratches. Fig.6(C) and 6(D) show a cross-section TEM graphs near the edge 

of the scratches. It is found that pyramid-like Si islands can be formed at the edge of the 

scratches. Then, the scratches can affect the formation of Si nIs and probably determine 

the location and shape of the Si nIs on c-Si substrate. In order to have a better control of 

the Si nIs formation, the scratches should be as sharp as possible. Chemical etching of the 

Si substrates with desired patterns could be a better choice than the mechanic scratching 

that cannot produce sharp scratches with complex patterns. 

 

Fig. 6. Surface morphology (A and B) and cross section TEM micrographs of the SRO layer near the scratches 

regions. The scale bars in A and B are 20 µm. 
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4.   Conclusion 

The nucleation and growth of Si nIs on c-Si substrates were observed. SEM and TEM 

measurements show that the formation of Si nIs can be controlled by the deposition 

parameters. The density and size of the nano islands can be reduced by either decreasing 

the excess Si concentration or incorporating N in the SRO. It has been shown that high 

density of epitaxial crystalline Si nIs can be produced on the Si substrate surface in an 

easy way, which is compatible with silicon technology. Substrate surface treatment can 

change the formation of Si nIs. A combination of structural and optical features is 

possible using a multi-layer approach. Samples with double layers show Si nano 

structures and a high photoluminescence. 
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